Plutonic and gneissic rocks of the Sila Massif in the uppermost portion of the Neto drainage basin (Calabria, Southern Italy) weather and erode under a humid Mediterranean climate. During the development of weathering profiles, a combination of chemical weathering and granular disintegration processes occurred. Chemical weathering involves a loss of both plagioclase (mainly during grus generation) and K-feldspar (mainly during soil formation). This loss is attributed to transformation of plagioclase to clay minerals and to leaching and dissolution of K-feldspar. Sand composition is quartzofeldspathic and nearly homogeneous along the main channel of the Neto River, even where the river cuts across a blanket of sedimentary cover. Thus, fluvial transport does not alter sand composition within the Neto drainage basin. Petrographic indices are effective in (1) discriminating between contributions from similar (granite and gneiss) source rocks (Qm/F); (2) relating the provenance of plutoniclastic and gneissiclastic sand found in the headwaters to grus horizons (Qm/F; Q/Rg); and (3) distinguishing between upstream first-cycle and downstream multicycle sand (Q/Rg). This last distinction is further emphasized by considering both aphanitic and phaneritic varieties of rock fragments (RgRmRs diagram). Chemical weathering is the main sand producer within the regolithic environment in northern Calabria. In addition, rapid erosion resulting from steep slopes removes weathered products, and rapid and short transport leads to minimal sediment maturation. In general, the F/Q index is climate and relief dependent; thus, it should be used in conjunction with palaeoclimatic and palaeophysiographic evidence for provenance interpretations of ancient quartzofeldspathic sandstones.
INTRODUCTION
Sand detrital modes reflect the cumulative effects of source rock composition, chemical weathering, hydraulic sorting and abrasion (Suttner, 1974; Basu, 1985; Johnsson, 1993; .
The effect of chemical weathering depends on both the intensity, controlled primarily by climate and vegetation, and the duration of weathering, this latter effect including a complex set of factors, of which physiography is particularly important (Valloni, 1985; Johnsson, 1993) . The correlation of sand composition with weathering intensity (Mann & Cavaroc, 1973; Basu, 1976; James et al., 1981; Suttner et al., 1981; Velbel, 1985; Cullers et al., 1988; Girty, 1991) and weathering duration (Franzinelli & Potter, 1983; Grantham & Velbel, 1988; Stallard, 1988; Johnsson & Stallard, 1989; Johnsson, 1990a Johnsson, ,b, 1993 Le Pera & Sorriso-Valvo, 2000a ) has long been established. Moreover, parent rock texture has also been shown to affect sand composition (Reins, 1993; Palomares & Arribas, 1993) .
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The uppermost portion ofthe Neto drainage basin (eastern Calabria, Italy) is underlain by deeply weathered plutonic and gneissic rocks exposed to a humid climate (Fig. 1) . The area is an excellent site in which to study the generation of sand-sized particles derived from plutonic and gneissic source rocks affected by chemical weathering.
This study provides insight into the petrogenesis of modern siliciclastic sand, based upon the coupling of both climatic and physiographic controls. Knowledge of such coupling is import- ant for the interpretation of analogous clastic deposits in the geological record.
THE NETO DRAINAGE BASIN Bedrock geology and mineralogy
The Neto drainage basin is located in the Sila Massif. Calabria. Italy (Fig. lA) (Messina et al .• 1991) .
Gneisses consist of decimetre-to metre-thick biotite-sillimanite--garnet-rich layers. varying in structure from massive to migmatitic. Contacts with plutons are marked by a network of dikes and an irregular amphibolite facies thermal aureole (Caggianelli et al .• 1994) . The Sila batholith consists of multiple intersecting intrusions, heterogeneous in texture and fabric, ranging in composition from granodiorite to gabbro and leucomonzogranite (Messina et al .• 1991) . Fission track analyses of apatite and zircon from the basement rocks ofthe Sila Massif indicate a major period of exhumation ranging from =35 to =15 Ma (Thomson. 1994) .
A section of Miocene to Pleistocene sedimentary rocks. 2000 m in thickness. crops out along the eastern border ofthe Sila Massif (Roda. 1964; Critelli. 1999) . This section consists of (a) Miocene shallow-marine and turbiditic strata (Roveri et al .• 1992) . including arkose. hybrid arenite and calcarenite (Critelli & Le Pera. 1998 ) and conglomerate; (b) Messinian evaporitic deposits (limestone. gypsum and halite; Roda. 1964) ; (c) Late Messinian to Pliocene conglomerate and sandstone, over lain by basin-wide marine shales (Roda. 1964; Roveri et al .• 1992) ; and (d) Pleistocene shallow-marine calcarenites and non-marine clastics (Cosentino et al .• 1989) .
Throughout most of its length. the main channel of the Neto River system drains plutonic rocks. whereas the Ampollino and Arvo tributaries ( Fig. 2A) mainly drain gneissic rocks. The lower reaches of the Neto cut across Miocene to Pleistocene sedimentary cover (Fig. IB) .
Physiography, climate, soil development and human pressure
The elevation of the Neto River basin ranges from sea level to 1928 m (Mount Botte Donato) at the western border. The watershed includes four small tributaries. the Ampollino. Arvo. Lese and Garga rivers ( Fig. 2A) . The drainage basin can be subdivided into three portions (upstream. downstream and delta system). each portion having distinctive morphological. hydrological and geological characteristics (Figs lB. and 2). The uppermost portion of the watershed includes the rolling highlands of the Sila Massif. where the modern-day landscape is little modified with respect to the low reliefthat characterized it before early Pleistocene tectonic uplift (Le Pera & SOITiso-Valvo. 2000a). The morphology oftopographic slopes is controlled by low-rate mass-wasting processes and, as a result, the regolith, sometimes reaching a thickness of several tens of metres, has not yet been eroded (Critelli et al.. 1991; . The main reaches ofthe drainage system are gently sloping and very sinuous, with several sites acting as storage areas for alluvial deposits. A sharp decrease in the overall topographic slope marks the transition to the downstream area where Miocene siliciclastic deposits crop out (Figs IB and 2B) . In this part ~f the drainage basin. the morphology of topographIc slopes is rugged. In the downstream portion. the drainage system presents a wide. braided alluvial plain. Alluvial sedimentation. in the form of gravelly sand. is widespread throughout the coastal plain. Sand accumulates at the southern portion of the Neto delta system.
The Mediterranean climate of Calabria is zoned according to elevation and is generally humid above 1000 m. The average annual precipitation (1176 mm) ranges from 600 mm at the Neto delta to more than 2000 mm in the mountainous areas (Versace et al .• 1989) . The mean annual temperature at about 2000 m is between 10°C and 12 QC. but ranges from 12°C to more than 16 °C for the coastal zone (Versace et al .• 1989) .
Vegetation is strongly correlated with p~ecipi tation and elevation. The uppermost porhon of the Neto watershed maintains a well-developed forest cover of fir and beech trees. With decreasing precipitation. the hillslopes of the lower portions of the basin give way to Mediterranean macchia (grass and shrub cover).
A thick mantle of residual weathered products covers the Palaeozoic crystalline bedrock. In the Sila Massif, drilling has intersected weathered material at depths up to 60 m (Critelli et al., 1991; . Weathering on the Sila Massif may have started in the Late CenozoicQuaternary (Nossin, 1972) .
The stages of weathering of the Neto crystalline basement rocks are characterized by discolouration, staining, mineral alteration and textural change. Complete weathering profiles consist of organic soil horizons above a thicker layer of grus, which in turn give way to fresh bedrock below. In this paper, the term grus is defined as the fragmental product of in situ granular disintegration of granitic rocks (e.g. Bates & Jackson, 1987) . For simplicity, the term grus is also used for the saprolitic layers developed on gneissic profiles. Organic soil horizons «0'5 m thick) are dark brown and mostly have a medium to fine sandy texture. Grus horizons (>10 m thick) commonly preserve original plutonic or gneissic fabrics and crush readily under hand pressure. Towards the base of the profile. relatively unweathered corestones offresh rock are typical (Le Pera & SorrisoValvo. 2000b) .
Calabria has been a site of human activity since preMagna Graecia times. Anthropogenic deforestation has greatly influenced the landscape evolution of Mediterranean countries (e.g. Nir.1983) . Deforestation increased considerably subsequent to the eighth century BC and is assumed to have been one of the main causes of river bed aggradation. The increased erosional regime is responsible for the progressive change in fluvial regimes in Calabria. from perennial to torrential. with braided coarse-grained channel beds and steep longitudinal profiles (Sorriso-Valvo. 1997 ). Indeed. during Greek times. some ofthe Calabrian rivers still had estuarine debouching.
Deforestation and agricultural expansion became increasingly widespread during the Roman age until the fifth century AD. With the decline ofthe Roman Empire in the sixth century. most ofthe population living on the coasts moved inland to safer places. creating inland deforestation, agricultural expansion and mountain stream control walls (check-dams) on the highest slopes of the mountains (Sorriso-Valvo. 1993 . 1997 .
The Calabria region has been and continues to be one of the least developed regions in Italy. In the modern age. deforestation appears to have occurred with high intensity in the seventeenth and eighteenth centuries and again in the first half ofthe twentieth century (Sorriso-Valvo et al .• 1998) . However. because of the absence of industrial settlements. the Calabria region today ranks fourth in Italy for its percentage of forest-covered land (34%; Sorriso-Valvo. 1993 ). In the past few decades. the general trend in the region is one of accelerated river, slope and coastal erosion.
Although the Neto River drainage basin has seen little urbanization and no industrial development, it cannot be considered a pristine drainage basin. Human disturbance (i.e. grazing and tilling) of sedimentary processes is low in the upland area of the basin. whereas agricultural expansion and urbanization are increasingly widespread in the lower reaches of the basin. dramatically increasing river and coastal erosion and mass movement. The sample suite presented here represents an opportunity to evaluate the effects of weathered source rocks on fluvial sediment composition in the region before anthropogenic activity obliterates the natural environmental signal (e.g. Johnsson et al .• 1993; Morton & Johnsson. 1993) .
PROCEDURES
A total of 27 samples were collected ( Fig. 2A) . Thirteen are sands from the main channel of the Neto River and its four principal tributaries near the confluence with the main trunk stream. These samples were taken from active subaqueous deposits such as longitudinal bars. Five sand samples were collected from the high-tide berm of the Neto delta system. Finally. three sets of samples were obtained from weathering profiles developed on the Sila batholith. Each set from the weathering profiles consists of three samples; crystalline bedrock, grus and soil horizon. Two sets are from granodiorite (NP5a. NP5b and NP5c) and monzogranite (NP6a. NP6b and NP6c). and one set is from gneiss (NM13a. NM13b and NM13c).
Sand samples were washed with dilute HzO z to remove organic matter, air dried and sieved (using let> intervals from 4 to 0·062 mm). The medium sand fraction (0·50-0·25 mm) was cemented with epoxy and thin sectioned. Each thin section was etched with HF and stained by immersion in sodium cobaltinitrite solution to allow the identification of feldspars. Alizarine and potassium Fe-cyanide solutions were used for carbonate identification. To analyse the modal composition ofthe medium-sized fraction. more than 400 points were counted in each thin section according to the Gazzi-Dickinson method (Gazzi. 1966; Dickinson. 1970; Ingersoll et al.. 1984; Zuffa. 1985) .
Fresh crystalline bedrock samples (NP5a. NP6a and NM13a) from the weathering profiles were crushed and sieved to obtain the 0·5-to 0·25-mm sand fraction. The composition of this artificial sand was obtained according to the same procedure used for natural sands. The resulting detrital modes were used as the starting point in the compositional evolution of the weathering profiles. An additional point count of 200 feldspar grains (100 K-feldspar and 100 plagioclase) was carried out to discriminate different alteration stages.
Data for evaluating the source of each fluvial sand sample were acquired using a geographic information system (Ilwis 4·0). Topographic maps (scale; 1;200000) were digitized to obtain. by rasterization and interpolation, a digital elevation model (DEM; Fig. 2B ). In turn. the DEM was filtered to produce a slope map. Information about lithology was obtained from geological maps
(1:25 000 scale) by digitizing the different lithologies as polygons. Thus, a given area can be analysed in terms of the distribution of the different lithologies and their median slope values. The subbasin of a given fluvial sand is considered as that portion of the drainage basin involved in the genesis ofthat sample (Arribas et al., 2000) . Thus, each fluvial sample is directly related to a distribution of lithologies at its source, including absolute (km 2 ) or relative (%) values and a median slope value (%) for each bedrock type (Table 1) .
GRAIN-SIZE ANALYSIS
Grain-size analyses of the 4-to 0'062-mm fraction were carried out on the three weathering profiles (grus, soil) and on one fluvial sample derived directly from the NP6 weathering profile (Fig. 3) . Gneissic and granitic grus horizons show equivalent grain-size distributions, characterized by modes m the coarser fractions (>2 mm) and a progressive diminution of frequencies as grain size decreases. High values of positive skewness (0'28-0'56; from positive to strongly positive skewness) and standard deviation (1'34-1'84; poorly sorted) are the mam characteristics of these horizons. Granitic soils have a similar grainsize distribution to that of associated grus. However, m soil generated from gneissic bedrock (sample NM13c), the mode shifts towards coarse sand. This shift in mode indicates that granular disintegration is an important process during soil development on gneissic bedrock (Le Pera & Sorriso-Valvo,2000b) .
The weathering products seem to have a grain-size distribution close to a Rosin distribution (McEwen et al., 1959) because of its 'sourcerock' control (e.g. Kittleman, 1964; Ibbeken, 1983; Schleyer, 1987; Ibbeken & Schleyer, 1991) .
Finally, fluvial deposits from a single granitic source, directly related to the NP6 profile, show a symmetrical grain-size distribution with a coarsesand mode and moderate sorting. These changes with respect to associated weathering products can be explained by hydraulic sorting of sediment during incorporation into the fluvial system.
GRAIN TYPES
The most abundant grains in the medium-sized fraction of sands from the N eto drainage basin are mono crystalline quartz, K-feldspar, plagioclase, mica and plutonic/gneissic rock fragments. Fig. 3 . Grain-size distribution for samples analysed from the weathering profiles. Skewness (Sk) is in c.I> units (Folk & Ward, 1957) . Grainsize distribution of fluvial sand (NP6d), derived directly from the NP6 profile, is also shown. These grain types have been subdivided into the following categories according to the Gazzi-Dickinson method (Gazzi, 1966; Dickinson, 1970; Ingersoll et al., 1984; Zuffa, 1985;  Table 2 ).
Quartz (Q)
In addition to the standard varieties, grains with argillaceous and ferruginous envelopes are also present. These envelopes may appear as thick and continuous concentric growth layers, constituting incipient pisolites. Embayments and corrosion features are also common. Development of such characteristics has been widely reported in soils generated under humid conditions (e.g. Crook, 1968; Cleary & Connolly, 1971; Johnsson, 1990a) . Abraded overgrowths around some monocrystalline grains, associated with the presence of sandstone fragments in samples N8, N9, N10 and N11, suggest a recycled origin.
K-feldspar (K) and plagioclase (P)
Commonly, K-feldspar is slightly less abundant than plagioclase (P/F ratio >0'5; Table 2 ), and it frequently shows a strained and cataclastic texture involving clay minerals, Fe-oxides and quartz. These textures are similar to those described for the highly altered gneiss located in the western Sila Massif (Critelli et al., 1991 includes completely altered grains. This last grain type was identified by external grain morphology and preferential orientation of clay minerals. Subindices 'b', 'c' and 'd' include grains composed of <10%, between 10% and 40% and >40% alteration material respectively. Alteration is more frequent and intense in plagioclase grains than in K-feldspar (Table 3) .
Mica (M)
Biotite grains are frequently altered to chlorite and Fe-oxides. Occasionally, and particularly in soil environments, mica (especially biotite) is more abundant than monocrystalline quartz. Generally, soil sand derived from both plutonic and gneissic source rocks contains much more mica (mostly biotite) than does the unaltered bedrock (Table 2 ). This observation agrees with the results of Cullers (1988) , who showed that biotite tends to break parallel to cleavage planes in soils developed on the Danburg granite in Georgia.
Labile lithic fragments (L)
Labile lithic fragments are represented by aphanitic grains (predominantly schist and phyllite) and chert. Shale and silts tone grains are very scarce.
Limestone (CAL) and dolostone (DOL)
This group includes all CE grains (carbonate extrabasinal; Zuffa, 1980 ) that appear in down- stream sands (N8 to N18, except NM13) and show a wide spectrum of textures and compositions (Table 2 ). Fossils are also common and include globigerinids and bryozoans derived from sedimentary rocks (probably marls).
Penecontemporaneous grains
These include bioclasts from the Neto delta, intraclasts (irregularly shaped micritic aggregates, Cl; Zuffa, 1980) and argillaceous grains and Fe-oxide concretions (NCI; Zuffa, 1980) interpreted as secondary alteration products, derived directly from the bedrock ( Table 2 ). The high proportions of argillaceous grains in sample NM13b (7%) support the interpretation that they are alteration products (alterite), which are very common in gneiss from the western Sila Weathering profiles investigated during this study are developed in areas with different topographic relief. The profile at site NM13 (Fig. 2a) developed on gneiss along the southern slope of Ampollino Lake. There, slope gradients are moderate (mean 25%, compare Fig. 2A and E). Weathering profiles developed on plutonic rocks are located near the Arvo River and near the mid-course of the Neto River (NP5 and NP6 respectively). The NP5 site in the headwaters of the drainage basin is characterized by gentle slopes (from 14% to 17%), whereas at site NP6, slopes are steeper (mean 31%). At NP5, the bedrock is composed of coarsegrained granodiorite. Hornblende and chloritized biotite are the dominant ferromagnesian minerals. Strained quartz and zoned plagioclase with sericitized cores are common. Coarse-grained monzogranite is the parent rock of the weathering profile developed at site NP6. Quartz is slightly strained, and plagioclase appears as unzoned crystals showing homogeneous alteration to sericite, whereas biotite is minor and frequently chloritized. Cordierite-bearing gneiss at site NM13 has large amounts of muscovite and plagioclase. Biotite is minor, and K-feldspar is very rare. Quartz is slightly strained, and cordierite is frequently transformed to white mica.
Petrographic analysis of artificial sand (obtained by crushing unaltered bedrock samples; NP5a, NP6a and NM13a; Table 2 ) is used to represent the starting point of weathering trends (Figs 4 and 5) . The three bedrock samples are quartzofeldspathic. The amount of feldspar differs between plutonic and gneissic rocks (53-58-32% of QmFLt%F respectively). Plagioclase is the dominant feldspar in artificial sand from both gneiss and granodiorite, with P/F-values of 0'9, whereas in monzogranitic sand, P/F is 0'5 (Table 2) .
Quantitative changes in the proportions of quartz and feldspar between bedrock and grus are characterized by an increase in monocrystalline quartz grains (from 2% to 8% of QmFLt%-Qm; Fig. 4 ) and a decrease in plagioclase content (from 2% to 17% of QmKP%P; Fig. 5 ). Trends marking the rapid loss of plagioclase grains during grus generation have long been documented (Todd, 1968 Eggleton, 1990; Girty, 1991; Nesbitt et al., , 1997 Le Pera & SorrisoValvo, 2000a,b) . Differences in composition between grus and soil sand are marked by an increase in mono crystalline quartz grains (2-14% of QmFLt%Qm) and a reduction in K-feldspar (2-11 % of QmKP%K). This trend results in substantial modifications to quartz-K-feldsparplagioclase proportions before detritus ever enters the fluvial system and is generated as chemical weathering proceeds through reactions of inorganic and organic acids with bedrock minerals (Nesbitt & Young, 1984; Nesbitt et al., 1997) . Particularly in the uppermost portion of the weathering profiles, the dissolution mechanism of K-feldspar has been related to the uptake of potassium and other nutrient elements by plants (Basu, 1981; Moulton & Berner, 1998) , lichens (McCarroll, 1990) and soil microorganisms (Huang & Keller, 1972) . Compositional divergence, through analysed weathering profiles, could be related to the balance between duration of weathering and rates of erosion (Nesbitt et al., 1997) .
Thus, the profile at site NP6, characterized by minor mineralogical changes between bedrock and soil sand, could be related to a more rugged topography than that of sites NP5 and NM13. The distribution of the five increasing stages of alteration for feldspar grains (Table 3) strengthens the assumptions about compositional trends in the weathering profiles. Plagioclase in bedrock is mainly fresh with 'a' and/or 'b' grain types dominant (Fig. 7) . In grus and soil sand fractions, plagioclase shows a progressive increase in the more altered types (c, d and e; Fig. 7 ). However, this increase is not clear at site NP6, where the distribution of plagioclase types is similar in the bedrock, grus and soil environments. This is probably caused by a weathering-limited denudation regime in this area, resulting from the rapid removal and transport of weathered material from slopes (Carson & Kirkby, 1972; Johnsson, 1992) . The dominant K-feldspar type is the 'a' in bedrock, grus and soils of the three profiles. This suggests that K-feldspar is not affected by pervasive or sequential transformation into other mineral phases, as is plagioclase. Because a depletion in K-feldspar occurs through the transition from grus to soil, this may be associated with leaching and dissolution, predominantly in the soil environment (Basu, 1981; Nesbitt & Young, 1984) .
Fluvial sands
Two groups of fluvial sand samples have been considered, depending on their position in the drainage basin (Fig. 2a and b) . Upstream samples (NI to N7) comprise those from the upper part of the drainage system, where the river cuts across the crystalline bedrock. Downstream samples (N8 to N12) were collected from the lower part of the Neto drainage basin. Sample NI0 is from the Vitravo tributary, a basin with minor amounts of crystalline rocks relative to sedimentary rocks (0'9%; Table 1 ).
The average composition of upstream sand samples is quartzofeldspathic, with similar quantities of plagioclase and K-feldspar (51--48-1 % QmFLt; 51-25-24%QmKP; Figs 4 and 5; Table 2 ). All samples plot in a cluster, and differences in source lithologies produce little changes in quartz percentage and P/F ratios (0'4-0'7). K-feldspar appears as fresh grains (types 'a' and 'b'), but the degree of plagioclase alteration ranges from fresh to completely altered, with a dominance of types 'a', 'b' and 'c' (Table 3) . Coarse crystalline rock fragments (Rg; Fig. 6 ) predominate and represent >78% of the total rock fragment population. The presence of finegrained metamorphic rock fragments (Rm; Fig. 6 ) in samples lacking such rocks in the source area (schist or phyllite; Table 1 ) is probably the result of derivation from micaschist layers intercalated with gneiss (Amodio Morelli et al., 1976) . Sedimentary rock fragments are absent in sands from this portion of the drainage basin; however, dolomite crystals and clay mineral aggregates 
III Plagiociase
appear as alteration products after plagioclase. The abundance of dense minerals is higher in the upstream sand than in downstream and delta system sand (Table 2) . Downstream samples (NB to N12) are also quartzofeldspathic (means of 53-45-2% QmFLt; 54-23-23% QmKP), even though their source areas contain large and heterogeneous outcrops of sedimentary rocks (from 10% to 99%). Modal composition differs slightly from upstream sand, showing a larger quartzose (Qm and Qp) population. The population of total lithics (Lt) is heterogeneous, consisting of various types of shale and carbonate fragments. Such variations are related to variations in the composition of the sedimentary cover. Small differences in total feldspar occur, but maintain a balance between K and P (P/F from 0'46 to 0'53). K-feldspar persists as fresh grains, whereas plagioclase includes a greater proportion of altered types than in upstream samples (the sum of 'c', 'd' and 'e' is generally >50% of total plagioclase grains; Table 3 ). A general increase in metamorphic rock fragments (Rm; Fig. 6 ) is also a distinctive feature of downstream sand.
On the QmFLt ternary diagram, downstream sand plots within the cluster of data defined by upstream samples (Fig. 4) . Such a result implies that little, if any, maturation of medium-grained sand occurred during the recycling of upstream sand to form the analysed downstream samples. Similar results and interpretations are implied by the QmKP data (Fig. 5) . In contrast, RgRmRs data show that downstream sand is preferentially enriched in Rs relative to upstream samples (Fig. 6) , a result that accurately reflects the recycled origin of downstream specimens (Critelli & Le Pera, 1994) .
Other sedimentary sources, such as lutites and gypsum, show very low preservation potential as detrital products, owing to their lack of mechanical and chemical stability (Zuffa, 1987; Cavazza et al., 1993; Arribas et al., 2000) . Thus, only globigerinid fossils may be related to the erosion of Pliocene-Pleistocene lutites and marly lutites. Reworking of alluvial plain sediments also produced little effect on the composition of sand samples. This implies that high sedimentation rates prevented maturation during transport.
Delta sands
Samples from the Neto delta have a broadly similar modal composition to those analysed from the fluvial system (Figs 4-6) ; however, they are slightly shifted towards the Lt pole on the QmFLt diagram (Fig. 4) . This shift in composition is produced by an increase in labile metamorphic and carbonate-lithic fragments (Table 2 ). In addition, delta sands are slightly more enriched in plagioclase (P/F ~ 0'62-0'77) than are fluvial sands (Fig. 5) , whereas the lithic fragment population (Fig. 6 ) is similar to that of downstream sand, but is less heterogeneous. Many authors have widely reported a depletion of metamorphic lithic fragments in beach sand, where wave action produces rapid and selective destruction of these grains (e.g. Cameron & Blatt, 1971; McBride & Picard, 1987; Critelli et al., 1997; Garzanti et al., 1998) . In contrast, within the Neto River drainage basin, metamorphic lithic fragments tend to be enriched in distal and beach sand. Such grains are probably supplied to the Neto from nearby fluvial systems containing metamorphic source rocks (e.g. north of the study area). The metamorphic rock fragments are then incorporated into the Neto delta system through the beach environments and longshore currents (Cocco, 1976) .
DISCUSSION

Effects of lithology on sand composition
To assess whether or not source rocks are the major control on sand composition in the Neto drainage basin, the proportion of major bedrock types within source areas (Table 1) was compared with Qm/F, P/F and Q/Rg (Fig. 8) . Because gneiss (Gn) and granite (Gr) represent the dominant bedrock, the ratio of Gn/(Gn+Gr) (Fig. 8) in the drainage subbasin of each sample is used. If Gnl (Gn + Gr) ~ 1, then the sampled weathering profile developed on gneiss. However, a value of 0 implies development on granite. In Fig. 8 , profiles developed on granite plot on the leftmost vertical axes, whereas those developed on gneiss plot on the rightmost axes. Compositional trends in weathering profiles are indicated by arrows. The first step in the development of a weathering profile (bedrock-grus) involves a slight increase in Qm/F and Q/Rg and a drastic decrease in P IF (e.g. Figs 5a, band 8, samples 13a to 13b) resulting from alteration of plagioclase by chemical weathering (e.g. Nesbitt et al., 1997) . The second step (grus-soil) consists of an enrichment in quartz (a greater increment in Qm/F and Q/Rg) and plagioclase, producing a general inversion of the P/F trend (e.g. Figs 5b, c and 8, samples 13b to 13a) because of the loss of K-feldspar in the uppermost zone of weathering profiles (e.g. Basu, 1981; Nesbitt et al., 1997) .
Plagioclase destruction takes place mainly in the grus horizon, whereas K-feldspar destruction occurs dominantly in the upper part of the weathering profile (soil horizon), suggesting that different processes occur at different levels in the weathering profile. Destruction of K-feldspar in soil horizons may be related to organic activity (e.g. Huang initiate the destruction of K-feldspar, even though relicts of altered plagioclase grains remain (Table 3 ; Fig. 7) .
Qm/F, P/F and Q/Rg indices in fluvial sand (Fig. 8) lie between the two extremes discussed in the preceding paragraph, maintaining a nearly direct linear relationship with respect to the surface occurrence of bedrock types. For example, Qm/F fluvial data plot about a regression line with R2 = 0'669 (Fig. 8) . This relationship suggests that source rocks exert the main control on fluvial sand composition and that differences in source rocks can be detected even when they produce similar sandy products (e.g. gneiss and
Gn/(Gn+Gr)
granite; Palomares & Arribas, 1993) . High maturity (Qm/F, Q/Rg; Fig. 8 ) of soils developed on gneissic bedrock suggests that such horizons do not play a major role in fluvial sand production, as suggested also by Ibbeken & Schleyer (1991) for southern Calabrian fluvial sand. The high P/F and low Q/Rg (Fig. 8) in the plutonic and gneissic bedrock of the Sila Massif testify to the fact that there is not a direct supply from bedrock (pure mechanical weathering) to generate fluvial sand. However, the composition of fluvial sand appears to be closely related to that of grus (Fig. 8) . Crus and fluvial sand composition differ slightly in the P/F index, with lower values in fluvial sand. The decrease in plagioclase content could be related to the different degrees of alteration of this mineral and K-feldspar in the grus. The latter mineral appears in grus mainly as unaltered grains and could enter the fluvial environment in such a state. However, plagioclase commonly appears in grus as altered grains (Fig. 7) . Given the added action of mechanical processes during the incorporation of plagioclase into the fluvial system, it is not surprising that plagioclase appears to be depleted relative to K-feldspar. In fact, the lowest values of the P/F index occur in fluvial samples collected from the upstream Neto drainage basin (samples Nl to N4), where there are relatively gentle slopes and a well-developed weathered cover. Older sedimentary rocks (mainly conglomerate and arkose) also contribute to sand generation in the downstream portions of the Neto River. Erosion of such rocks produces recycled sands with compositions that reflect their plutoniclastic origin (Fig. 8) . Note that only sample NlO, from a basin underlain by 99% sedimentary rocks (Table 1) , differs from the first-cycle plutoniclastic sands (Fig. 8) . Even that sample differs from the first-cycle sands only in the values of Q/Rg. In fact, the analysis of phaneritic rock fragments (Fig. 6) is the most appropriate method of discriminating first-cycle sands (e.g. Arribas et al., 1990; Critelli & Le Pera, 1994; Critelli et al., 1997) .
Petrographic indices (mainly P/F and Q/Rg) in coastal sands differ from those in fluvial sands as a result of contamination of the Neto system by northern coastal drift. In spite of such differences, coastal sands maintain their plutoniclastic character (Qm/F).
Effects of chemical and mechanical weathering, slope and transport on sand composition
Compositional trends in weathering profiles of the Neto drainage basin are well defined and are in accordance with trends expected for humid to subhumid climates (Nesbitt et al., 1997) . Chemical weathering of bedrock reduces the plagioclase content of grus, and granular disintegration is enhanced by biotite breaking along cleavage planes. These processes facilitate mechanical erosion and incorporation of detritus into the fluvial environment. The incorporation of weathered grus into fluvial channels is made easier by steep slopes (Johnsson, 1993; Nesbitt et al., 1997) .
Granite and gneiss outcrops throughout the Neto drainage system display slopes varying from 17% to 24% and from 12% to 20% respectively (Table 1) . Under these conditions, there is a genetic correspondence between fluvial sand and sand in grus (Fig. 8) . As a result, the combination of chemical weathering of the bedrock and mechanical erosion of the grus is essential to explain sediment production in the Neto drainage system. The relations between grus and fluvial compositions could imply that greater volumes of grus are eroded to generate fluvial sands. Therefore, eroded soil material is diluted by the volumetrically major supply from grus horizons. In addition, the greater thickness of grus (10-70 m) over soil (0'5 m) may justify the volumetric superiority in supplies from grus and the dilution of soil products.
Relief and mechanical erosion in the Neto basin produce rapid sediment transport and short temporary sediment storage. Thus, chemical weathering during transport appears to be negligible. In the southern Calabria fluvial systems, mechanical disintegration has been considered to be the main mechanism responsible for sand compositional variation during fluvial transport (Ibbeken & Schleyer, 1991) . Figure 9 shows that there is no relationship between values of petrographic indices and the sizes of sampled sub basins. Therefore, mechanical maturation of fluvial sediment during transport in the Neto system is also negligible. The collecting systems of the main course have a network of tributaries with equivalent characteristics in terms of length and relief (Figs 1 and 2 ; Table 1), and incorporated sediments can be expected to have equivalent petrographic characteristics to those of the main stem. Thus, supplies from tributaries cannot be considered as the 'mask' of chemical and mechanical weathering during transport (Fig. 9) .
The Neto sands and other examples of modern plutoniciastic sands Modal compositions from plutonic bedrock and derivative fluvial sands from the Neto drainage basin are here compared with plutoniclastic sands derived under different climatic conditions from other mountain ranges (Table 4 ; Fig. 10 ).
Upstream sands from the Neto basin are richer in quartz than average bedrock and are therefore shifted towards the quartz apex (NT; Fig. 10 ).
This effect is evidenced by a decrease in the F IQ ratio from 1·22 for the bedrock to 0·81 in the sands (Table 4) . Moreover, plagioclase is more unstable during weathering than K-feldspar (Figs 7 and 8) , a fact that has long been recognized (Goldich, 1938; Berner & Holdren, 1979; James et al., 1981; Cullers et aI., 1988; Nesbitt & Young, 1989) . Feldspars are leached and destroyed much more rapidly by acidic solutions in weathering profiles than in fluvial systems with near-neutral waters (Nesbitt & Young, 1984 . This characteristic seems to apply to the Neto basin, where the main compositional changes in detritus occur principally during formation of the regolith and before erosion (Figs 5 and 8).
QmKP compositions (Fig. 10 ) of mediumgrained fluvial sands derived from Appalachian granite in the USA (Basu, 1976) and from the Bega batholith in the Mallacoota Basin of Australia (Nesbitt et al., 1997) record the highest enrichment in quartz compared with other examples. Compositional trends show that these sands are substantially affected by chemical weathering, and their compositions differ drastically from their source rocks, presumably because of heavy leaching (Table 4) . The large shift in composition from source rocks to sands is attributable not only to the humid conditions but also to the low relief ofthe drainage areas ( Fig. 10 ; Basu, 1976; .
Modern fluvial sands derived from the Rocky Mountains, USA (Basu, 1976) , the Rampart Range, USA (van de Kamp & Leake, 1994) , the Central System, Spain (Tortosa, 1988) , the Guys Bight Basin, Canada (Nesbitt & Young, 1996) and the San Gabriel Mountains, USA (Critelli et al., 1997) provide insight into detrital sand modes that are the result of less intense chemical weathering (Fig. 10) , because of semi-arid or cold climatic regimes. The Rampart Range sands were derived from basement rock with a composition similar to average Appalachian granite bedrock (Nesbitt et al., 1997) , but are much richer in feldspars and contain much less quartz than do the Appalachian sands, plotting very close to the composition of their source. A similar trend is shown by the first-order fluvial sand from the Spanish Central System, where quartz content remains virtually identical to that in the source rocks, with only a slight shift in the plagioclase and K-feldspar contents produced during the transition from weathering to a fluvial environment. The plutoniclastic sand from the Rocky Mountains, the San Gabriel Mountains and the Guys Bight Basin is plagioclase rich, indicating that bedrock has undergone minimal chemical weathering. The high feldspar and quartz contents are nearly identical to bedrock sources, indicating that these sands are produced from relatively unweathered bedrock and not from mantling grus or soils.
The study by Ibbeken & Schleyer (1991) in southern Calabria (Serre and Aspromonte Massifs) demonstrated that physiography, characterized by short transportation distances and short residence times of detritus within the regolith, controls sediment composition, leading to remarkably immature fluvial sand. Chemical effects of weathering certainly exist (Mongelli, 1993) , but are suppressed and diluted by the overwhelming effects of mechanical disintegration (Ibbeken & Schleyer, 1991) . Compositional changes between bedrock and fluvial sand can be monitored by the F/Q ratio, which varies from 1·22 to 1·00 respectively. Sand from the Serre Massif is derived from a granodioritic source and a climate identical to that of the Sila Massif (Table 4) . It contains more abundant plagioclase than sand from the upstream portion of the Neto River, indicating erosion from a source with poor weathering (Table 4 ) might play a major role in the production of fluvial sand. In Calabria (Sila and
In the Neto drainage basin, characterized by 17-Serre Massifs), the rugged topography mitigates 24% mean slopes and a humid Mediterranean the drastic effect of a humid climate on sand climate, chemical and physical weathering concomposition, resulting in bedrock-fluvial sand trol sediment production from crystalline bedtrends being much shorter than for Appalachian rock. Analysis of petrological data derived from (Basu, 1976) and Mallacoota Basin (Nesbitt et al.,
fluvial sands and weathering profiles yields the 1996) sands (Fig. 10) .
following conclusions. 
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The grain-size distribution within weathering profiles shows a tendency towards coarse modes (>2 mm), a relationship that indicates in situ granular disintegration. Such a process yields a product that is prone to chemical attack. Chemical weathering within the Neto drainage basin has decreased the plagioclase content by as much as 17% as bedrock was converted to grus. In addition, K-feldspar content was decreased by as much as 11 % during pedogenesis on gentle slopes.
A detailed analysis of the alteration stages of feldspars indicates that plagioclase alteration increases from bedrock to soil as weathering progresses, whereas K-feldspar remains generally unaltered or little altered (alteration <10% of the whole grain). This implies that leaching and dissolution are the dominant processes responsible for the depletion of K-feldpar during pedogenesis.
The uppermost part of the Neto drainage basin is characterized by outcrops of crystalline rock (plutonites, gneiss), whereas a blanket of sedimentary rocks covers the lower reaches of the basin. Thus, there are multiple sources of fluvial sands throughout the basin, Hence, it is significant that Neto River detrital modes display a nearly homogeneous quartzofeldspathic composition (51-48-1% QmFLt; 51-25-24% QmKP in upstream sand; 53-45-2% QmFLt; 54-23-23% QmKP in downstream sand; 46-45-9% QmFLt; 51-16-33% QmKP in coastal sand). However, first-cycle and multi cyclic sand can be discriminated using both aphanitic and phaneritic grain types (90-10-0% RgRmRs in first-cycle upstream sand; 61-25-14% RgRmRs in multicycled downstream sand; and 66-27-7% RgRmRs in coastal sand).
Qm
() AP= Appalachian Mnts. (Basu, 1976) * RR= Rampart Range (van de Kamp & Leake, 1994) o MB= Mallacoota Basin o RM= Rocky Mnts. (Basu, 1976) • GB= Guys Bight Basin (Nesbit! & Young, 1996) III CS= Central System (Aparicio et al., 1975; Tortosa, 1988) MB ~SG=SanGabneIMnts (Ehhg, 1981 Crltelllota/, 1997 \'u + SM= Serre Mnts. (Ibbeken & Schleyer, 1991) NT ~ • NT= Noto BaSin (this study)
The composition of first-cycle sand in the Neto drainage system is controlled by bedrock type. Qm/F ratios are an efficient tool for discriminating between gneissiclastic and plutoniclastic sand. In addition, the ratios of Qm/F and Q/Rg suggest that fluvial sands were derived from grus rather than from soil horizons. Differences in the P/F ratio between fluvial and grus sand may be attributed to mechanical destruction of altered plagioclase during its incorporation into the fluvial system. Consequently, the composition of first-cycle sand diverges from source rock compositions,
The lack of mechanical and chemical maturation, as a result of short and rapid fluvial transport, is shown by a nearly constant sand composition (i.e. Qm/F, P/F and Q/Rg) along the main channel of the Neto River. Therefore, any compositional maturity of sand in the Neto River is inherited from the source during the development of weathering profiles.
Feldspar-quartz ratios (F/Q) have been widely used to deduce provenance. However, this study demonstrates that this ratio can be highly variable within a single drainage basin developing under humid climatic conditions. In addition, the F/Q ratio, being climatically invariant, is dependent on variations in topographical gradients. Indeed, plutoniclastic sand developed in the southern Calabria fluvial system (Serre Massif) has an F/Q ratio close to that of its source rock, because of high gradients in topographical slopes. As a consequence, the use of the F IQ ratio in sandstone petrological studies must take into account both palaeoclimatic and palaeophysiographic constraints if they are to interpret ancient provenances successfully.
